Energy-dependent efflux overexpression and altered outer membrane permeability (influx) can promote multidrug resistance (MDR). The present study clarifies the regulatory pathways that control membrane permeability in the pandemic clone Escherichia coli sequence type 131 (ST131) and evaluates the impact of efflux and influx modulations on biofilm formation, motility, and virulence in the Caenorhabditis elegans model. Mutants of two uropathogenic E. coli (UPEC) strains, MECB5 (ST131; H30-Rx) and CFT073 (ST73), as well as a fecal strain, S250 (ST131; H22), were in vitro selected using continuous subculture in subinhibitory concentrations of ertapenem (ETP), chloramphenicol (CMP), and cefoxitin (FOX). Mutations in genes known to control permeability were shown for the two UPEC strains: MECB5-FOX (deletion of 127 bp in marR; deletion of 1 bp and insertion of an IS1 element in acrR) and CFT073-CMP (a 1-bp deletion causing a premature stop in marR). We also demonstrated that efflux phenotypes in the mutants selected with CMP and FOX were related to the AcrAB-TolC pump, but also to other efflux systems. Alteration of membrane permeability, caused by underexpression of the two major porins, OmpF and OmpC, was shown in MECB5-ETP and mutants selected with FOX. Lastly, our findings suggest that efflux pump-overproducing isolates (CMP mutants) pose a serious threat in terms of virulence (significant reduction in worm median survival) and host colonization. Lack of porins (ETP and FOX mutants) led to a high level of antibiotic resistance in an H30-Rx subclone. Nevertheless, this adaptation created a physiological disadvantage (decreased motility and ability to form biofilm) associated with a low potential for virulence.
U ropathogenic Escherichia coli (UPEC) is the leading causative agent of urinary tract infection (UTI) in both communities and hospitals worldwide (1) . The therapeutic management of UTI is particularly problematic because of the increasingly widespread resistance to all classes of antibiotics, including in communityacquired infections (2) . With the dissemination of the novel CTX-M family, E. coli has become the species most frequently associated with the production of extended-spectrum ␤-lactamase (ESBL) (3) . In 2008, a globally disseminated and multidrugresistant (MDR) clone of E. coli O25b:H4-ST131 was identified in clinical samples from three continents (4) . Since this first description, sequence type 131 (ST131) was shown to be a successful clone, causing the majority of MDR E. coli infections while exhibiting multiple virulence factors (5, 6) . Moreover, it was described as one of the most prevalent clones among phylogenetic group B2 in the digestive carriage of healthy subjects in France (7) . Within the ST131 group, various subclonal lineages have been identified. Indeed, a dominant subclone named H30-Rx has extensively expanded. This subgroup harbors allele 30 of fimH, the type 1 fimbrial adhesin gene, and is associated with both bla CTX-M-15 carriage and fluoroquinolone (FQ) resistance by specific topoisomerases mutations (8) .
In addition to enzymatic hydrolysis or target modification, energy-dependent efflux and altered outer membrane permeability can promote resistance to antimicrobial agents. In Enterobacteriaceae, overexpression of the chromosomally encoded AcrAB-TolC efflux pump plays a major role in MDR, leading to a crossresistance phenotype affecting the MICs of quinolones, ␤-lactams (mainly cefoxitin), chloramphenicol, and cyclines (9) . A permeability defect as a result of porin loss or changes in porin structure is involved in ␤-lactam resistance (10) . The two principally affected classes are carbapenems, considered the most powerful agents for the treatment of serious infections caused by ESBL producers (11) , and cephamycins, a potential alternative to carbapenems for treating ESBL-producing E. coli isolates (12) . In E. coli, the major outer membrane proteins (OMP) allowing the permeation of hydrophilic compounds are OmpC and OmpF (13) . Among various genetic regulators, systemic transcriptional activators of the AraC/ XylS family, MarA and its homologs SoxS and Rob, control the expression levels of both efflux systems and porins (14, 15) . In addition, expression of the acrAB genes is modulated by the local repressor AcrR (16) , and the balance of porins is regulated by the two-component system EnvZ-OmpR (17) .
Although the impacts of efflux and influx modulation on virulence have been demonstrated in Klebsiella pneumoniae, Salmonella enterica, and Enterobacter aerogenes (18) (19) (20) (21) , few studies have investigated their impacts in E. coli and none in the pandemic clone ST131. This raises the question of the cost of the successive accumulation of membrane-associated resistance mechanisms to bacterial fitness during antibiotic chemotherapy and its consequences for bacterial colonization ability. Taking into account the role of OMP in various physiological states, the balance of membrane permeability can play a key role in the adaptation of E. coli to host conditions. The aim of this work was to gain new insights into the regulatory pathways that control membrane permeability in E. coli ST131 and to evaluate the impact of efflux and influx modulation on biofilm formation, motility, and virulence in the Caenorhabditis elegans model.
MATERIALS AND METHODS
Bacterial strains. Experiments were carried out using three strains belonging to phylogenetic group B2: (i) the UPEC strain MECB5, which is a representative isolate of the ST131 H30-Rx subclone and virotype C, isolated from the urine of a patient with cystitis in the south of France (4, 22, 23) ; (ii) the UPEC reference strain CFT073, isolated from blood and belonging to ST73 (23, 24) ; and (iii) strain S250, which is a recent (2006) representative of the ST131 H22 subclone and virotype D obtained from the digestive tract of a healthy French individual (7, 23, 25, 26) . The main characteristics and virulence traits of these isolates are presented in Table  1 . The avirulent E. coli OP50 was used as a food source and a control for the nematode assays (18, 23) .
In vitro selection of mutants. Three antibiotics were used for their behavior associated with membrane permeability: (i) ertapenem (ETP), known to select mutants with porin alterations (18, 27) ; (ii) chloramphenicol (CMP), which selects mutants with efflux pump overexpression (9, 19) ; and (iii) cefoxitin (FOX), whose resistance has been described with both mechanisms (28, 29) . Mutants of each strain were selected using the procedure described by Miller et al. (30) by continuous subculture in Mueller-Hinton (MH) broth containing subinhibitory concentrations (sub-MICs) (0.25ϫ MICs) of ETP, CMP, or FOX. Such growth conditions were repeated for 150 days. The decrease in antibiotic susceptibility was tested weekly.
Clonality analysis. Parental strains and mutants selected by antibiotic pressure were compared by repetitive sequence-based PCR (rep-PCR) analysis (DiversiLab system; bioMérieux, Marcy l'Étoile, France). Strains with a similarity percentage of Ն95% were considered clonal.
Antibiotic susceptibility tests. The susceptibilities of the mutants to antibiotics were determined by the agar diffusion method according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) and the French Antibiogram Committee (CA-SFM) guidelines (http: //www.sfm-microbiologie.org). For mutants selected with FOX, MH agar containing cloxacillin at 250 mg/liter (bioMérieux) was used to check the absence of chromosomal AmpC overproduction. ), CMP, tetracycline (TET), and tigecycline (TGC), were determined by the broth microdilution method. Tests were carried out in triplicate with or without a fixed concentration (25 g/ml) of phenylalanine arginine ␤-naphthylamide (PA␤N) (Sigma Chemical Co.), a broad-spectrum efflux pump inhibitor. Efflux pump activity was suspected when PA␤N addition induced a 3-fold decrease in the MIC value (31) .
SDS-PAGE and immunocharacterization of outer membrane proteins. Exponential-phase bacteria in Luria-Bertani (LB) broth were pelleted and solubilized as previously described (32) . Samples (an amount of bacteria corresponding to 0.02 optical density at 600 nm [OD 600 ] unit) were loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (10% polyacrylamide, 0.1% SDS). After electrophoresis, the proteins were electrotransferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH) in transfer buffer (20 mM Tris, 150 mM glycine, 20% isopropanol, 0.05% sodium dodecyl sulfate). An initial blocking step was performed overnight at 4°C with Tris-buffered sodium (50 mM Tris-HCl, 150 mM NaCl, pH 8) containing skimmed milk powder (10%). The nitrocellulose membranes were then incubated in Tris-buffered sodium containing skimmed milk powder (10%) and Triton X-100 (0.2%) for 2 h at room temperature in the presence of polyclonal antibodies directed against the denatured components of the AcrAB-TolC pump or against the denatured OmpC or OmpF porin. The detection of antigen-antibody complexes was performed with alkaline phosphatase-conjugated AffinitiPure goat anti-rabbit IgG antibodies (Jackson ImmunoResearch, West Grove, PA) (32) .
DNA sequencing of the MDR regulator gene. The presence of mutations in the MDR regulator genes marR, acrR, and soxRS was assessed by PCR and sequencing (33, 34) . The sequences and the annealing temperatures (T m ) of the primers used are presented in Table S1 in the supplemental material.
Comparative real-time RT-PCR. For selected genes involved in MDR regulation, efflux, and permeability (see Table S1 in the supplemental material), transcript level analysis was performed by quantitative reverse transcription (qRT)-PCR. Briefly, MECB5, S250, CFT073, and their respective isogenic mutants selected with ETP, CMP, or FOX were grown in MH broth to an OD 600 of ϳ0.7. Total RNA from bacterial samples was extracted by using the RNeasy minikit as described by the manufacturer (Qiagen, Courtaboeuf, France). RNA was treated with the RNase-Free DNase set (Qiagen). The purity and concentration were determined using the NanoDrop 2000 spectrophotometer (Fisher Scientific, Pittsburgh, PA, USA). cDNA was synthesized from 1 g of total RNA for each sample, using the iScript Select cDNA synthesis kit (Bio-Rad, Hercules, CA) with random primers according to the manufacturer's instructions. Real-time PCR assays were performed in a LightCycler480 device using the Light-Cycler FastStart DNA MasterPlus SYBR Green I kit with 100 ng of cDNA and 10 pmol of target primers (see Table S1 in the supplemental material). The specificity of the PCR products was tested by melting-point analysis.
Amplifications were performed in duplicate from three different RNA preparations. The 2 Ϫ⌬⌬CT method was used to analyze transcriptional changes in target genes using gapA as the housekeeping control gene (35, 36) . The data were log transformed to obtain a fold change difference between strains.
Nematode-killing assay. The C. elegans infection assays analyzed survival rates in the presence of the different UPEC strains and their isogenic mutants. Fer-15 mutant worms, which have a temperature-sensitive fertility defect, were maintained and infected as previously described (18, 23) . A nematode was considered dead when it no longer responded to touch. E. coli virulence was assessed using the nematode survival curve and by calculating the 50% lethal time (LT 50 ), corresponding to the median time (in days) required to kill 50% of the C. elegans population. At least three replicates per experiment, repeated three times, were performed for each strain.
Motility assays. The motility of the three parental UPEC strains and their mutants was evaluated using soft-agar LB plates as described previously: swim plates containing 0.25% agar and swarm plates containing 0.5% agar supplemented with 0.5% glucose (37) . Briefly, bacteria grown overnight in LB broth were diluted 1,000-fold in LB broth and incubated at 37°C to an OD 600 of ϳ0.7. Swarm plates were inoculated in the middle of the soft agar by spotting with 5 l of standardized culture. Swim plates were seeded with the same inoculum below the agar surface using a sterile inoculating needle. The plates were incubated for 16 h at 37°C. The diameters of the migration zones produced by the parental and mutant strains were compared. Swimming and swarming experiments were performed independently three times.
Kinetics of biofilm formation. The kinetics of early biofilm was explored using the BioFilm ring test (BioFilm Control, Saint Beauzire, France) as described previously (38) . Briefly, standardized bacterial cultures were incubated at 37°C in 96-well microtiter plates in the presence of magnetic beads. After different times, the plates were placed onto a magnetic block and put in the reader. The images of each well before and after magnetic attraction were analyzed with the BioFilm Control software, which gives a biofilm index (BFI). A high BFI value (Ͼ7) corresponds to high mobility of the beads under magnetic action (no biofilm), while a low value (Ͻ2) corresponds to full immobilization of the beads due to the sessile cells. Three experiments with two repeats were performed per strain and per incubation time.
Statistical analysis. Statistics and graphs were prepared using the software package GraphPad Prism 6.0. The effects of antibiotic selection pressure on the expression of selected genes and on motility were assessed using one-way analysis of variance (ANOVA), followed by Dunnett's multiple-comparison test. Log-transformed data were used for real-time RT-PCR. The kinetics of biofilm formation were compared by two-way ANOVA, followed by Dunnett's multiple-comparison test. For the nematode-killing assays, differences in survival rates between a parental strain and an isogenic mutant were tested by a log-rank (Mantel-Cox) test for statistical significance. A P value of Ͻ0.05 was considered to reflect a statistically significant difference.
Nucleotide sequence accession numbers. Novel sequences of MDR regulators determined in this study have been deposited in GenBank under the following accession numbers: acrR, KT984278 (MECB5), KT984279 (S250), NC_004431.1 (CFT073), and KT984280 (MECB5-FOX); marR, KT984281 (MECB5), KT984282 (S250), NC_004431.1 (CFT073), KT984283 (MECB5-FOX), and KT984284 (CFT073-CMP); and soxR, KT984285 (MECB5), KT984286 (S250), and NC_004431.1 (CFT073).
RESULTS

Selection of resistant mutants.
Continuous subculture of MECB5, S250, and CFT073 with sub-MICs of ETP, CMP, and FOX successfully selected isogenic mutants resistant to these antibiotics, except for ETP resistance, which was obtained only with the CTX-M-15-producing MECB5. No variation of ETP MICs was observed over the weeks for strains S250 and CFT073, and experiments were stopped after 150 days of subculture. Rep-PCR assessed clonal relationships between parental strains and mutants (similarity, Ͼ98% [data not shown]). The numbers of days required to obtain mutants are presented in Table 2 .
Antibiotic susceptibility pattern. The MICs of different antibiotics are detailed in Table 2 .
(i) Parental strains. As described above, MECB5 belonged to the ST131 H30-Rx subclone that produced the CTX-M-15 ESBL responsible for resistance to aminopenicillins and extended-spectrum cephalosporins (ESC) and carried a distinctive gyrA and parC combination (S83L/D87N GyrA and S80I/E84V ParC double substitutions) (22) responsible for quinolone resistance. The S250 and CFT073 parental strains were fully susceptible to all antibiotics tested.
(ii) ETP mutant. An ETP mutant ( Table 2 ) was obtained only from strain MECB5 (MECB5-ETP). It was resistant to ETP (MIC, 2 g/ml) but remained susceptible to IMP (MIC, 0.5 g/ml), according to the revised EUCAST criteria. The mutant was associated with a significant increase in the FOX MIC (4 times higher). Levels of susceptibility to quinolones, CMP, and cyclines were similar to those of the parental strain.
(iii) CMP mutants. For the CMP mutants ( Table 2) obtained from the three strains, CMP resistance (32 to 64 g/ml) was associated with significantly higher MICs of NAL and OFX (2 to 8 times), TET (2 to 4 times), and TGC (2 to 4 times). Adding PA␤N to the medium emphasized the efflux resistance mechanism, leading to a decrease in the MICs of CMP (8-to 16-fold), quinolones (4-to 32-fold), and cyclines (2-to 4-fold).
(iv) FOX mutants. In the FOX mutants obtained from the three parental strains, an increase in MICs was observed for FOX (8 to 32 times), NAL and OFX (2 to 8 times), CMP (2 to 4 times), and, to a lesser extent, TGC (2 times). For the MECB5-FOX mutant, FOX resistance was associated with ETP resistance (MIC, 1 g/ml). Antibiotic activity was partially restored by the efflux pump inhibitor, except for ETP, for which PA␤N addition had no effect on the MIC. FOX resistance was not attributable to AmpC overproduction, since FOX activity was not restored on MH agar containing cloxacillin (data not shown).
Outer membrane protein profile. As indicated in Table 3 , all the mutants selected with CMP and FOX displayed AcrA and AcrB signals higher than those of the parental strains. Outer membrane proteins (OMP) OmpC and OmpF were detected at the same expression level for CMP mutants. In contrast, no porin was detected in strains MECB5-ETP, MECB5-FOX, and S250-FOX. This lack of porin was observed with antisera that recognized OmpC and OmpF. Interestingly, CFT073-FOX showed OmpC and OmpF production similar to that of the parental strain ( Table 3) .
Sequences of regulator genes. Alterations in MDR regulators contribute to the MDR phenotype by modulating both efflux and First, the sequences of the acrR, marR, and soxR genes of MECB5, S250, and CFT073 were compared with those of E. coli strain K-12 substrain MG1655, available in the GenBank database (accession number NC_000913.3). For the three strains studied, the acrR sequences were identical or showed only silent polymorphisms. However, the marR and soxR sequences showed two and one nonsynonymous substitutions, respectively, for the three strains ( Fig. 1) .
Second, sequences obtained for the in vitro-selected mutants were compared to those of their parental strains. The mutant MECB5-FOX displayed acrR and marR sequences different from those of MECB5 ( Fig. 1 ). acrR showed two alterations: (i) a deletion of 1 bp occurring at nucleotide position ϩ34, which results in a shift in the reading frame throughout the gene, and (ii) a 776-bp insertion occurring at the end of acrR, 546 bp downstream of the ATG start codon. This insertion corresponds to the integration of the insertion sequence IS1 accompanied by a duplication of 8 bp in the target DNA at the site of insertion and flanked by 18-bp left and right inverted repeats at its ends (accession number KT984280) ( Fig. 1) . marR of MECB5-FOX was disrupted by a 127-bp deletion at positions 161 to 288 downstream of the GTG start codon, resulting in an early frameshift and termination (stop codon at ϩ168; accession number KT984283). Concerning the CFT073-CMP mutant, the marR gene showed a thymine deletion at the ϩ50 nucleotide location, immediately causing a premature stop codon (accession number KT984284) (Fig. 1) . The other strains (MECB5-ETP, MECB5-CMP, S250-ETP, S250-CMP, S250-FOX, CFT073-ETP, and CFT073-FOX) harbored acrR and marR sequences identical to those of the parental strains. No mutation was found in the soxR gene of any mutant, except those already present in the parental strains.
Comparative real-time RT-PCR. To understand behavior changes under antibiotic pressure, the expression levels of the different genes involved in MDR were measured for the isogenic mutants and compared to those of their parental strains. Their log relative transcription levels are shown in Fig. 2 for strain MECB5 and in Fig. S1 and S2 in the supplemental material for S250 and CFT073.
Genes responding to stress. (i) The marRAB operon and micF. The marA gene, which encodes a transcriptional activator 
, very high level of protein production; ϩ, high level of protein production; Ϯ, few protein production; Ϫ, lack of protein production. For strains S250 and CFT073, continuous subculture in a subinhibitory concentration of ETP failed to select resistance to the antibiotic after 150 days of culture.
targeting many genes involved in resistance to stress (14) , was significantly overexpressed in mutants MECB5-ETP (P Ͻ 0.05) and MECB5-CMP and MECB5-FOX (P Ͻ 0.001) compared to their parental strains ( Fig. 2A) . marA was also significantly upregulated in mutants S250-CMP (P Ͻ 0.01) and CFT073-CMP and FOX (P Ͻ 0.001) (see Fig. S1A and S2A in the supplemental material). Similar upregulations were observed with marB, which encodes a periplasmic protein that modulates marA expression (39) , and the noncoding RNA stress response gene micF (40) (P Ͻ 0.01 to 0.001). MarR is an autorepressor of the operon marRAB. Comparative RT-PCR showed a significant decrease in marR expression in MECB5-FOX (P Ͻ 0.001), consistent with the sequencing results (the primer used, marR_R, targets a region deleted from the gene). In contrast, disrupted marR of mutant CFT073-CMP (stop codon at ϩ51) was overexpressed (P Ͻ 0.001) (see Fig. S2A in the supplemental material).
(ii) soxS, rob, and sdiA genes. Expression of soxS and rob, encoding two other positive transcriptional regulators belonging to the AraC/XylS family (15) , appeared to be less impacted than marA ( Fig.  2A) . rob was upregulated only in strain S250-CMP (P Ͻ 0.05) (see Fig. S1A in the supplemental material). The expression of sdiA, encoding a quorum-sensing transcription factor (41) , was significantly increased in the ST131 mutants regardless of the antibiotic pressure (P Ͻ 0.05 to Ͻ 0.001) and in CFT073-FOX (P Ͻ 0.01).
Genes encoding efflux pump systems. (i) acrAB. The expression of genes encoding the major resistance-nodulation-division (RND) efflux pump in Enterobacteriaceae was principally increased in mutants harboring MDR regulator alterations, MECB5-FOX and CFT073-CMP (P Ͻ 0.05 to Ͻ 0.001) ( Fig. 2B ; see Fig. S2B in the supplemental material).
(ii) Other RND transporters. Expression of acrD, encoding an RND transporter able to expel highly hydrophilic molecules, like aminoglycosides; acrE and acrF, encoding close homologs of AcrA and AcrB; and yhiV (mdtF) was significantly upregulated in the three mutants selected with CMP (P Ͻ 0.05 to Ͻ 0.001). acrEF and yhiV were also overexpressed in MECB5 and CFT073 mutants selected with FOX (P Ͻ 0.05 to Ͻ 0.001).
(iii) Major facilitator superfamily (MFS) and small multidrug resistance (SMR) transporters. The increase in MdfA activity was very significant among all CMP mutants (P Ͻ 0.01 to Ͻ 0.001) and, to a lesser extent, MECB5-FOX and S250-FOX (P Ͻ 0.05). The increased level of activity of tehA and emrB genes was much less evident: tehA was significantly upregulated for S250-CMP and CFT073-CMP mutants, while emrB showed the highest level of activity only for the mutant S250-CMP.
Genes encoding proteins involved in OM permeability. (i) envZ, ompR, and ompX regulators. The expression of envZ, which encodes an osmoregulatory sensor protein (17) , was upregulated for MECB5-FOX (P Ͻ 0.001) and the three CMP mutants (P Ͻ 0.05) ( Fig. 2C ; see Fig. S1C and S2C in the supplemental material). The expression level of ompR, which encodes the cytosolic response regulator, followed this trend. ompX, encoding another porin expression downregulator (42) , was overexpressed for the MECB5-ETP mutant (P Ͻ 0.05) and strains S250 and CFT073 selected with CMP and FOX (P Ͻ 0.05 to Ͻ 0.001).
(ii) ompC, ompF, and ompA porins. The upregulation of ompX observed for MECB5-ETP was associated with a significant decrease in both ompC and ompF expression (P Ͻ 0.05 to Ͻ 0.001). For S250-ETP and CFT073-ETP, which remained susceptible to ETP, no modification of ompC and ompF expression could be noted. A significant decrease in ompF expression without modification of that of ompC was assessed both for mutants selected with FOX and for S250-CMP and CFT073-CMP (P Ͻ 0.05 to Ͻ 0.001). These data were similar in MECB5-FOX, S250-CMP, CFT073-CMP, and CFT073-FOX with increased expression levels of ompR and envZ, encoding the two-component system that allows ompC transcription and ompF repression (43) . Unlike that of ompC and ompF, transcription of ompA, which encodes an architectural protein, was conserved after antibiotic pressure.
Proteases. Increased expression of genes that encode proteases DegP and DegS, responsible for posttranslational control of OMP expression (44) , was noted for MECB5 and CFT073 mutants selected with FOX (P Ͻ 0.05). The expression of other proteases, ClpP and RseP, remained identical for all strains.
Strain virulence. The C. elegans model was used to explore the possible relationship between in vitro acquisition of resistance to ETP, CMP, or FOX and modifications of virulence behavior.
First, the life span of C. elegans feeding on the parental strains was compared to that obtained when nonpathogenic E. coli OP50 was used as food ( Table 4 ). The LT 50 , i.e., the median survival in days, was significantly reduced when the worms fed on MECB5, S250, and CFT073 (LT 50 , 5 Ϯ 0.5, 5 Ϯ 0.5, and 4 Ϯ 0.5 days, respectively) in comparison with OP50 (LT 50 , 7 Ϯ 0.5 days) indicating that the three parental strains studied are virulent for nem- The nucleotide mutations and the deduced protein changes for the three parental strains and their isogenic mutants are shown. ). However, CFT073 was significantly more virulent than MECB5 and S250 (P Ͻ 0.05).
As shown in Table 4 , CMP pressure selected more virulent strains (P Ͻ 0.01), except in the case of CFT073-CMP, which killed worms as fast as the parental strain (P value, NS). Conversely, the nematodes died more slowly when fed on FOX mutants and MECB5-ETP (P Ͻ 0.001).
Motility assays.
To determine if the changes in virulence were linked to a motility variation, bacterial swimming and swarming motilities were quantified on soft agar. As shown in Fig. 3 , all the CMP mutants showed a significant increase in swimming area (P Ͻ 0.05 to Ͻ 0.001). In contrast, swimming behavior was considerably affected for the three mutants selected with FOX (P Ͻ 0.05 to Ͻ 0.001). ETP pressure did not seem to influence swimming motility (P value, NS). Swarming behavior was not significantly different between parental and mutant strains.
Kinetics of biofilm formation. The BioFilm ring test was performed to examine the effect of antibiotic pressure on the capacity of E. coli to form biofilm and to determine whether this effect might influence virulence in worms. The results revealed different profiles among parental strains and among their mutants (Fig. 4) .
(i) MECB5 strains. For the MECB5 parental strain, biofilm was being formed after 7 h of incubation (BFI ϭ 4.63 Ϯ 0.20), but longer incubation (up to 24 h) failed to completely immobilize the beads (Fig. 4A) . The same trend could be noted for the MECB5-CMP mutant during the first hours, but then, the number of sessile bacteria was significantly increased after 15 h (BFI ϭ 5.47 Ϯ 0.45; P Ͻ 0.0001) and 22 h (BFI ϭ 3.40 Ϯ 0.36; P Ͻ 0.0001). In contrast, no biofilm formation was detected for MECB5-ETP and MECB5-FOX mutants after 24 h, showing a significant difference between these strains and the parental strain (P Ͻ 0.0001).
(ii) S250 strains. The kinetics of biofilm formation for the S250 strain was very fast, with a biofilm constituted after 2 h (BFI ϭ 2.56 Ϯ 0.09) (Fig. 4B ). Antibiotic pressure had no significant impact on these kinetics of formation: the BFI values for each mutant were similar to those for the parental strain.
(iii) CFT073 strains. For strain CFT073 (Fig. 4C) , biofilm formation was obtained after 4 h (BFI ϭ 1.9 Ϯ 0.06). The CFT073-CMP mutant showed significantly faster biofilm formation than the parental strain, with the beads immobilized after 2.5 h (BFI ϭ 1.90 Ϯ 0.06) (P Ͻ 0.0001). As observed for strain MECB5, growth with sub-MICs of ETP or FOX altered the capacity of CFT073 to form a biofilm. Biofilm formation was significantly delayed for CFT073-FOX at 2.5, 3, and 3.5 h (P Ͻ 0.0001). For CFT073-ETP, the difference was significant only after 2.5 h of incubation (P Ͻ 0.0001). brane permeability observed in our mutants might have some side effects on the virulence capacity and the fitness of E. coli. Continued growth in the presence of nonlethal antibiotic levels is a crucial aspect of the current antibiotic resistance crisis. Sub-MICs of antibiotics are present in many natural environments (46) . They also occur in patients during therapy and are likely to accelerate the evolution of resistance by triggering some modification in the regulation of protein expression, by increasing mutagenesis in targeted genes, and/or by favoring recombination. We evaluated the behavior of two representative strains of E. coli ST131, MECB5 (H30-Rx) and S250 (H22), and the CFT073 UPEC reference strain grown under antimicrobial pressure with antibiotics known to interact with membrane influx and/or efflux: ETP, CMP, and FOX (17, (24) (25) (26) 44) . Mutants resistant to these antibiotics were obtained for all the strains with the exception of the ESC-susceptible strains S250 and CFT073, for which no increase in ETP MICs was noted after 5 months of subculture. These results were in agreement with those of Tangden and Girlich, who also observed that carbapenem resistance in E. coli was selected only among ESBL-producing strains (27, 47) .
Concerning the MECB5-ETP mutant, Western blot analysis indicated that resistance to ETP is associated with a lack of expression of the major OmpC and OmpF porins. Interestingly, qRT-PCR showed that the loss of transcription was particularly important for ompC, as previously observed by Girlich et al. (27) , and was related to overexpression of ompX rather than to that of the envZ-ompR control system. This role of OmpX in porin expression (at transcriptional and translational regulation levels) has been previously reported during short exposure to chemicals (42) .
In the CMP mutants, the important efflux activity was confirmed by overexpression of the main pump AcrAB-TolC, leading to higher MICs of CMP, FOX, quinolones, and cyclines. Interestingly, genes encoding other efflux systems less frequently described in clinical resistance (36)-acrEF, mdfA, yhiV, and, to a lesser extent, acrD and tehA-were highly overexpressed, suggesting that the increase in E. coli efflux is a global phenomenon that involves several pumps of different families.
Finally, FOX pressure resulted in increasing efflux and reduced influx. The efflux activity significantly increased in the MECB5-FOX strain, for which the repressor AcrR was no longer functional. This mutant was obtained fairly quickly (70 days of subculture), and this raises the question of the use of cephamycins in the treatment of infections with ESBL producers even if the subculture time is long and not observed in real life (12) . Inactivating mutations in the acrR gene were previously reported in MDR clinical isolates of E. coli, S. enterica, E. aerogenes, and K. pneumoniae (48) (49) (50) (51) (52) . To our knowledge, this is the first description of a frameshift loss associated with an IS1 insertion in the acrR gene. acrR:: IS1 has been described only once in an E. coli veterinary strain (DE28) (53) . In this isolate, insertion occurred earlier in the sequence of acrR, at nucleotide ϩ394 (ϩ546 in our study) (accession number JN652619.1). Moreover, for the three FOX mutants, a lack of OmpF expression could be noted, while that of OmpC was less affected, or even increased in the case of CFT073-FOX. Such differences of expression can be explained by the increased activity of MicF, a small antisense RNA affecting ompF expression at a posttranscriptional level (40) , and the activation of the twocomponent system EnvZ-OmpR. After phosphorylation by EnvZ, OmpR promotes expression of ompC, which encodes a porin that exhibits narrower channels than the OmpF porin (17) .
The most important modulation of influx/efflux regulation in the bacterial membrane was observed for MECB5-FOX and CFT073-CMP. These two mutants harbored alterations in the global MDR regulator marR, highlighting the key role of the activator MarA in E. coli, which is devoid of the activator RamA. The other AraC/XylS activators, SoxS and Rob, for which gene expression varied only slightly in selected mutants, appeared less involved in the regulation of MDR. In contrast, overexpression of sdiA was observed in all the ST131 mutants studied. SdiA is homologous to the LuxR family of quorum-sensing transcription factors, which has been previously described as involved in acrAB, acrD, and acrEF overexpression in ESC-or quinolone-resistant isolates (41, 54, 55) . In this study, SdiA appeared to be involved in the adaptive resistance of the ST131 clone, independently of the antibiotic pressure used. Nevertheless, its intrinsic role is difficult to assess, due to the concomitant upregulation of marA in most ST131 mutants.
A link between the modulation of the influx/efflux balance at the membrane level and virulence has been previously described in different enterobacteria (18) (19) (20) (21) 56) . In E. coli, lack of porins was associated with low invasion and virulence profiles (57, 58) , while the ABC-type pump MacAB-TolC seemed to increase the pathogenicity of enterotoxigenic E. coli (ETEC) by the secretion of enterotoxin II (59) . Some publications have demonstrated the usefulness and interest of the C. elegans nematode to study E. coli virulence (23, 60) . The present study highlights, in this model, the direct impact of strong modifications in the membrane organization and physiology on bacterial virulence. Indeed, the lack of both OmpC and OmpF in the ST131 H30-Rx strain selected with ETP was associated with reduced virulence. This finding suggests that the alteration of outer membrane porins might be a serious disadvantage for bacterial fitness compared to ␤-lactamase production (21, 23) . On the other hand, the overexpression of efflux systems was correlated with increased virulence of the ST131 mutants selected with CMP. These bacterial efflux systems export toxic compounds, such as antibiotics, as well as virulence factors important for the colonization of human and animal cells (adhesins, toxins, and an iron capture system) (9) . The expression of AcrAB-TolC has been described as a prerequisite in the early bacterial colonization step, for instance, to pass the bile salt barrier or host defensin activity (19, 20) . The unchanged virulence potential observed for the CFT073-CMP derivative can be explained by the decreased expression of ompF following micF overexpression in this strain harboring a prematurely interrupted marR gene. Another possible explanation is that the C. elegans model has some limitations when the worms are fed with highly virulent strains, such as CFT073. As described in K. pneumoniae (18) , increased efflux systems did not appear to counterbalance the lack of porins in the FOX mutants that showed attenuated virulence.
To understand whether a modification of fitness could contribute to the difference in virulence phenotypes observed, we examined the motility of mutants and their capacity to form biofilm. CMP pressure greatly improved swimming motility for all the mutants. FOX pressure led to the opposite effect. These different behaviors could contribute to the virulence variations observed in C. elegans, as motility has been reported to enhance bacterial spreading during infection (61) .
Biofilm production is an important pathogenicity factor, as it can protect bacteria from the immune system and antimicrobial drugs (62) . Very different behaviors were observed in the two ST131 parental isolates. The H22 strain formed early biofilm very quickly (within 2 h). This ability was stable, independently of the antibiotic pressure used. On the other hand, the H30-Rx strain was not able to form a full early biofilm within 24 h, showing that the ability to form a biofilm is not the key factor that accounts for the success of the subclone. These results are consistent with those of Olesen et al. and Shin and Ko, who showed that among ST131 strains, biofilm production was strongly associated with non-H30 subclones and non-CTX-M isolates (63, 64) . A previous study had shown that sub-MICs of antibiotics (aminoglycosides, tetracycline, and fluoroquinolones) triggered biofilm formation (65) . In our study, CMP pressure indeed induced this effect, speeding up biofilm formation in CFT073-CMP and increasing the number of sessile bacteria in ST131 MECB5-CMP. Nevertheless, the kinetics was found to be slowed down in ETP or FOX derivatives, emphasizing the lower colonization capacity of the porin-deficient strains. Interestingly, sub-MIC ETP also influenced the behavior of CFT073, which remained susceptible to the antibiotic, slowing down biofilm formation. The delay in biofilm formation observed in FOX mutants (MECB5-FOX and CFT073-FOX) could be explained by the decreased swimming motility, which is an essential parameter in biofilm organization (66) .
The main limitation of the study is the need to cultivate the parental strains over a long period, which is not under normal physiological conditions. This could lead to the emergence of some mutations in the bacterial genome that could explain the modification of virulence. However, the technique used in our study has been previously published (18, 29, 30) and was demonstrated to be a good approach to evaluate the impacts of antibiotics on bacterial fitness.
In conclusion, the modification of outer membrane permeability due to the loss of porins observed in the E. coli ST131 mutants leads to a high level of resistance to all ␤-lactams in isolates belonging to the ST131 subclone H30-Rx and producing CTX-M-15. Nevertheless, because of the role of porins in the uptake of nutrients required for bacterial survival and growth, their loss creates a physiological disadvantage. FOX and ETP pressure promotes the selection of isolates exhibiting alterations of membrane permeability and consequently imposes an important cost for bacterial fitness involving a low potential of virulence. Conversely, our findings suggest that efflux pump-overproducing isolates pose a serious threat in terms of host colonization and virulence compared to membrane-altered isolates that exhibit a restricted capability to survive under stress conditions.
